Published online zzz PACS 78.67. Hc, 42.50.Ar, 78.55.Cr, Regulated single-photon generation from an InAlAs quantum dot was demonstrated at a wavelength in which Si-avalanche photodiode single-photon detector has high quantum efficiency. Measured excitation power dependence of photon coincidence counts revealed that highly pure single-photon emission was realized at low excitation powers. Beyond a critical excitation, population of multi-exciton states in the quantum dot degraded the purity of single-photon emission. 1 Intr oduction Quantum cryptography is attracting much more attention recently due to its highly secure nature [1] . Since it is based on physical principles such as indivisibility and non-cloning of single photons [2], eavesdropping will be impossible in principle. At present bit rates in quantum cryptography are limited by both single-photon emitters and detectors. Presently used attenuated laser sources are limited to slow bit rates because of their intrinsic Poisson statistics of emitted photon numbers. So far, single-photon emissions have been achieved by various physical systems to realize alternative singlephoton sources [3] . Among them, semiconductor quantum dots (QDs) are one of the most promising candidates. On the other hand, presently most efficient commercially available single-photon detectors are Si avalanche photo diodes (Si-APD) and they have high quantum efficiency in the wavelength range of 600 nm to 800 nm. Realization of single-photon emitters which cover this wavelength range will be promising for achieving overall high-bit-rate quantum cryptography systems. Previously many groups have studied single-photon emitters, but material systems which match the above wavelength range of 600nm to 800nm are limited [4] [5] [6] [7] [8] [9] [10] [11] [12] . InAlAs QDs are one of the promising candidates for this purpose. However, single-photon emission from InAlAs QDs has not been proved. In this paper, regulated single-photon emission or photon anti-bunching from InAlAs QDs at the wavelength around 770nm will be demonstrated. To realize highly efficient single-photon emitters with ondemand operations, high-probability populations of QD energy states are necessary. Excitation power dependence of the photon anti-bunching properties will be discussed.
1 Intr oduction Quantum cryptography is attracting much more attention recently due to its highly secure nature [1] . Since it is based on physical principles such as indivisibility and non-cloning of single photons [2] , eavesdropping will be impossible in principle. At present bit rates in quantum cryptography are limited by both single-photon emitters and detectors. Presently used attenuated laser sources are limited to slow bit rates because of their intrinsic Poisson statistics of emitted photon numbers. So far, single-photon emissions have been achieved by various physical systems to realize alternative singlephoton sources [3] . Among them, semiconductor quantum dots (QDs) are one of the most promising candidates. On the other hand, presently most efficient commercially available single-photon detectors are Si avalanche photo diodes (Si-APD) and they have high quantum efficiency in the wavelength range of 600 nm to 800 nm. Realization of single-photon emitters which cover this wavelength range will be promising for achieving overall high-bit-rate quantum cryptography systems. Previously many groups have studied single-photon emitters, but material systems which match the above wavelength range of 600nm to 800nm are limited [4] [5] [6] [7] [8] [9] [10] [11] [12] . InAlAs QDs are one of the promising candidates for this purpose. However, single-photon emission from InAlAs QDs has not been proved. In this paper, regulated single-photon emission or photon anti-bunching from InAlAs QDs at the wavelength around 770nm will be demonstrated. To realize highly efficient single-photon emitters with ondemand operations, high-probability populations of QD energy states are necessary. Excitation power dependence of the photon anti-bunching properties will be discussed.
2 Exper imental A QDs sample was grown on a (001) GaAs substrate by molecular-beam epitaxy. It had two-stacks of QDs layer made of In 0.75 Al 0.25 As and In 0.7 Ga 0.3 As separated with an Al 0.3 Ga 0.7 As layer but the coupling effects between the two QDs layers were negligible in this sample. This work was focused to the In 0.75 Al 0.25 As QDs layer. These QDs layers were grown in a Stranski-Krastanow mode and were sandwiched by Al 0.3 Ga 0.7 As layers. The sample surface was covered with a GaAs cap layer. After the growth, mesa structures were formed by electron-beam lithography and wet chemical etching. Further details of this sample were described in Ref. 13 .
In our measurements, the sample was kept in a closed-loop He cryostat and kept at 23K. A He-Ne laser and a mode-locked pulsed Ti:Sapphire laser were employed as continuous-wave (CW) and pulsed excitation sources, respectively. The laser beam was focused on one of the mesa structures by employing a x50 objective lens and luminescence was collected through the same lens. The excitation power was controlled by tuning variable neutral-density filter and by monitoring the power in front of the objective lens. Collected luminescence was dispersed by a monochromator and was detected by a Si-chargecoupled device detector or by a streak camera for spectrum measurements and time-resolved measurements, respectively.
Verification of single photon emission was performed with a Hanbury-Brown and Twiss correlation measurement setup [14] . In the present measurements, an exciton emission peak was selected with 0.2-m monochromator. Second-order photon-intensity correlation functions, g (2) ( ), were measured under various excitation conditions. Here denotes a delay time between two photon-emission events. Photon antibunching can be evaluated by measuring zero coincidence count g (2) (0)=0, which reflects a probability finding no other photons around a firstly detected photon [15] . Therefore how the value of g (2) (0) is close to zero is a measure of purity for single-photon emission events.
3 Results Sharp emission line from a single InAlAs QD was observed at the wavelength of 774.4 nm (photon energy of 1.6009 eV) as shown in the lower inset in Fig. 3 , which coincides well with highly efficient wavelength region of Si-APD. Excitation power dependence of this peak showed linear increase with the 1.1th exponent of the power before saturation at the CW power of ~150 W (Fig. 4) . Therefore this emission line was attributed to an exciton transition (X). Time-Resolved PL measurements were also performed. The recombination lifetime of the exciton peak was found to be 1.13 ns, while a biexciton transition (2X) located at the lower energy by 4.6 meV from the exciton line was 0.63 ns. In the following, photon correlation measurements were carried out by selecting the exciton transition line. Figure 1 shows a measured second-order correlation function under the weak CW excitation power of 10 W. Closed circles are the measured data and the solid line is a convoluted curve f g (2) ( ) fitted to the measured data [16] , where f is time response function of our setup and g (2) ( ) is expressed as g (2) ( ) = 1-exp[-(G+1/   ) [17] . Here, is a fitting parameter phenomenologically introduced to give a purity of single photon emission, G is the excitation rate, and  is the exciton lifetime. The dashed line g (2) ( ) exhibits a correlation function used in the present fitting procedure and as a result, is derived to be unity. This is a clear manifestation that highly pure regulated single-photon emission is realized from a single InAlAs QD.
At the higher excitation power, the measured coincidence counts were increased almost linearly with the excitation power as described in ref. 16 . However, these measured values do not necessarily reflect 
( ) the true nature of the QD photon emission properties since an influence of measurement setup is included. Instead, coincidence count g (2) (0) = 1-, which is derived from f g (2) ( ), can be a measure of the purity of single photon emission. Obtained g (2) (0) was summarized in Fig. 2 as a function of the excitation power. It will be clear that the g (2) (0) values remain almost zero under the weak excitation condition up to the CW excitation power of 50 W. Therefore pure regulated single-photon emission is achieved in this excitation range. In the higher excitation above this critical excitation, however, the g (2) (0) values are substantially increased and single-photon emission properties were degraded.
4 Discussion In order to explain the observed increase of g (2) (0), the variation of the spectral shape of the exciton peak was closely investigated. The exciton line shape observed at the excitation power of 100 W is shown in the upper inset of Fig. 3 . This obviously suggests the presence of an additional peak at the lower energy side of the main peak. This additional peak intensity was estimated by assuming Gaussian lineshape function to give the better overall fitting to the measured spectrum. In Fig. 3 , the relative intensity of the additional peak to the main peak is plotted against the excitation power. This excitation-power dependence shown in Fig. 3 shows clear correspondence with the excitation-power dependence of the g (2) (0) value shown in Fig. 2 . This strongly suggests that the appearance of the additional peak is closely related to the degradation of the photon anti-bunching properties. Indeed, appearance of additional peak at higher excitation power was predicted for InGaAs by Lomascolo et al. [18] . In this literature, theoretical calculation of optical spectra was carried out under different excitation conditions, and revealed that the transition probability related to a triexciton state will also distribute at the energy region overlapped with the exciton transition. Although the material system is different from our case, however, it is plausible that the spectral overlap of exciton states and multi-exciton states will possibly take place under high excitations.
In order to check the validity of multi-exciton populations, an average number of electron-hole pairs in a single dot was estimated by assuming four-energy-level model depicted in the inset of Fig. 4 [19] . The exciton (biexciton) lifetime of 1.13 ns (0.63 ns) and independently measured triexciton lifetime of 0.3 ns were assumed in this calculation. By solving rate equations for each energy levels, the excitationpower dependence of the steady-state exciton (biexciton) emission intensity I X (I 2X ) were derived as Fig. 3 Relative integrated intensity of additional peak to the main peak as a function of excitation power are plotted in the main figure. (upper inset) Exciton line shape at 100 W excitation. Measured data (closed circles), main peak (dashed line), additional peak (dashed-dot line), and sum of them (solid line). (lower inset) single QD spectrum consisted with exciton peak (X) and biexciton (2X) peak. (   1  3  3  2  1  2  1  2  2  2  2   2   1  3  3  2  2  2  2  1  1  1 
where i 's and P i 's (i=1,2,3) are i-exciton lifetimes and probabilities finding i-exciton state in a QD, respectively. As for G i , which denotes the excitation rates of i-exciton state, G 2 is assumed to be 1/2 of G 1 (=G 3 ) due to the requirement of spin-selected-excitation based on Pauli's exclusion rule. As shown in Fig.  4 , this model fits very well to the experimental exciton (biexciton) intensities plotted by closed circles (squares). At around 75 W, where the additional PL peak became obvious in the measured spectrum, the calculated triexciton intensity or the probability P 3 became sizable. Therefore multi-exciton states such as three-exciton or four-exciton states will be involved in this higher excitation range. The excitation of multi-excitons will generate additional photons after the exciton recombination events and this will degrade the purity of single-photon emission at the exciton line. Further qualitative study related to this additional line which emerges under higher excitation is now under way, however, the fact that excitation power dependence of integrated intensity of the additional peak increases with the 1.6th exponent of the power supports the present interpretation.
5 Conclusion Regulated single photon emission from InAlAs QDs was successfully demonstrated at the wavelength within the band where Si-avalanche photodiodes have high quantum efficiencies. Studies of excitation-power dependence of photon coincidence counts revealed that highly pure single-photon emission was maintained up to an onset of multi-exciton contributions. The degradation of the photon anti-bunching was explained with the multi-exciton contributions based on the rate equation analysis.
